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Izvleček
Zaradi naraščajočega ozaveščanja o morebitnih nevarnostih, ki prizadenejo obalna mesta, je
potrebno vedno bolj široko poznavanje vseh dejavnikov, ki povzročajo višanje morske gladine,
zaradi natančnejšega napovedovanja poplav obalnih območij, ustreznega načrtovanja obalne za-
ščite in izvajanja ustreznih protiukrepov. V raziskavi predpostavljamo, da lahko z ustrezno
izbiro metod opišemo značilnosti nizkofrekvenčnih nihanj morske gladine, natančneje subiner-
cialnih signalov, v Sredozemskem morju. Pri tem smo uporabili več metod − valčno analizo,
spektralno analizo, analizo drsečega periodograma ter rotacijsko spektralno analizo − na mer-
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Sredozemskem morju. S kombinacijo različnih tehnik, uporabljenih na meritvah nihanja morske
gladine, nam prvi rezultati razkrivajo informacije o periodi subinercialnega nihanja, o lokacijah,
kjer je bil signal opažen, pa tudi identifikacijo dogodkov, pri katerih je nihanje intenzivnejše. To
je izhodišče za nadaljnjo raziskavo širjenja signala po celotnem območju Sredozemskega morja,
pa tudi za določanje mehanizmov, ki sprožijo subinercialno nihanje, med drugim tudi v okviru
podnebnih sprememb.
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Abstract
Due to the growing awareness of potential threats affecting coastal cities, a thorough knowl-
edge of all the factors causing an increase in sea level is demanded in order to provide accurate
forecasting of coastal flooding, proper designing of the coastal defences and for implementing
adequate countermeasures. In the present study we hypothesize that with the correct selection
of the methods we will be able to characterise low-frequency sea level oscillations, namely subin-
ertial oscillations, in the Mediterranean Sea. Several methods were applied − wavelet analysis,
spectral analysis, moving-periodogram analysis and rotary spectral analysis − to the observa-
tions of a particular storm event in the Adriatic Sea and the long-term tide gauge measurements
available for the rest of the Mediterranean basin. With the combination of different processing
techniques to measured data the preliminary results provide the period of subinertial oscillation,
an information on the locations where the signal was evidenced as well as the identification of
the events in which these oscillations exhibit special intensity. This sets the ground for a further
investigation of signal propagation throughout the Mediterranean basin, as well as for charac-
terisation of the mechanisms triggering the process, also in the framework of a climate change
perspective.
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1 INTRODUCTION
In low-lying coastal cities such as Venice (Italy) and Piran (Slovenia) in the Adriatic Sea, only a
few-centimetre increase in sea level can contribute to incremental flooding, causing the damage
to the private and public property, and to the cultural heritage. One of the most well-known
flooding of Venice, called acqua alta, is prevailingly caused by coincident arrival of high tide,
southerly wind setup (storm surge) and the peak of wind-induced Adriatic seiche, oscillating with
a 21.5 hour period. These factors are additionally complemented by the inverted barometer sea
level adjustment during the passage of a pressure low, amounting to about δh/δp = −1 cm /
mbar. When two or more of these factors coincide, the consequences and the damage can be se-
vere. Together with the aforementioned effects, several kinds of subinertial oscillations can affect
the coastal zones and contribute to the water level increase and therefore to the possible damage.
Due to the increasing anthropic pressure on the coastal zones and to the awareness of the vul-
nerability of these systems to flooding and sea level rise (particularly under a changing climate
condition), a relevant number of permanent observatories have been progressively deployed to
measure sea surface elevations (SSE) over a multi-annual scale in different coastal regions. The
application of signal processing techniques to relatively high-frequency sea level time series can
thus be particularly useful in the identification of the signal components concurring to coastal
flooding.
We hypothesize that with the correct selection of the methods we will be able to characterise
low-frequency sea level oscillations at the regional scale. This will provide, together with the
knowledge of other sea level oscillations already identified in the past research (for instance, the
study on the continental shelf waves (Bonaldo et al., 2018)), the more accurate forecasting of
coastal flooding, proper designing of the coastal defences and for implementing adequate coun-
termeasures.
We will analyse subinertial SSE in the Mediterranean Sea. We will begin with introducing the
observed area and the basic phenomena concerning the sea level oscillations, and implementing
the research that has already been done in this area of observation. Then we will introduce the
selected methods and explain why the particular methods have been employed. The application
of the methods follows. At the end we will present and explain the current results.
Several methods will be applied − wavelet analysis, spectral analysis, moving-periodogram anal-
ysis and rotary spectral analysis − to the observations of a particular storm event in the Adriatic
Sea and the long-term tide gauge measurements available for the rest of the Mediterranean basin.
With the combination of different processing techniques to the data measurements the signal
could be evidenced in various locations throughout the Mediterranean basin and the develop-
ment of the signal could be noticed. Moreover, with long-term time series temporal changes in
the signal could be tracked.
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Our goal is to explore the availability of in-situ observations for the identification of basin-scale
subinertial signals and their use in the identification of origin, characteristics and consequences
of such oscillations.
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3
2 OCEANOGRAPHIC BACKGROUND
In order to design the research, the proper understanding of the basic phenomena involved in the
analysis is needed. This includes, besides knowing the characteristics of the observed region and
the sea level oscillations, an overview of the research that has already been done in the observed
area. This effort can help us make the connections of the knowledge of sea level oscillations
to the observed phenomena, as well as explaining possible anomalies, detected throughout the
research. Moreover, the explanation is important to fully understand the goal and findings of
the research and the reasons for the particular explanations of the outcomes.
2.1 The observation area
The observation area is the entire Mediterranean basin. We will describe the basic bathymetry
and the sea water properties of the entire area and of the Adriatic Sea, a semi-enclosed basin in
the northeastern Mediterranean Sea. The latter has an important role in our research as it is
the area where the signal was initially detected.
2.1.1 The Mediterranean Sea
The Mediterranean is a semi-enclosed sea, divided into the eastern and western basins, separated
by the Strait of Sicily with a depth of 430 m between Sicily and Tunisia, as seen in Figure 2.1
(Knauss, 1997). It is connected to the Atlantic Ocean through the Strait of Gibraltar with the
284 m deep sill in the west and to the Black Sea through the Dardanelles and Bosporus in the
northeast (Talley, 2011). The maximum depth of the western basin is 3400 m and of the eastern
basin is 4200 m (Talley, 2011).
Figure 2.1: The Meditteranean Sea (Cushman-Roisin et al., 2001).
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The Mediterranean Sea has a negative water balance, which means that evaporation exceeds
precipitation and river inflow (Talley, 2011). It is a warm and salty sea. Due to the specific
properties of the Mediterranean water, the outflow to the Atlantic Ocean is denser than the
inflow. As a result, the sea is well ventilated. Because of the high density (as a result of a high
salinity) of the outflow, it has significant impact to the North Atlantic Ocean properties and is
very important for the entire North Atlantic Deep Water formation process.
The flow through the Strait of Gibraltar is hydraulically controlled and modulated by tides
(Talley, 2011). The tidal range varies within the basin and decreases from 0.8 m at Gibraltar
(west) to 0.4 m at Port Said (east).
The Adriatic Sea
The Adriatic Sea is a semi-enclosed basin in the northeastern Mediterranean Sea (Figure 2.1).
Its shape can be approximated with a rectangle about 800 km long and 200 km wide (Cushman-
Roisin et al., 2001). It is connected to the Ionian Sea through the relatively wide Strait of
Otranto with a depth of 750 m.
The northern part of the Adriatic Sea is very shallow with only 15 m depth along the Venice-
Trieste coastline (Cushman-Roisin et al., 2001). The depth increases towards the south and
reaches its maximum of approximately 1200 m in the South Adriatic Pit.
As the Adriatic Sea is located at mid latitudes, it is characterized by a strong seasonal climate
variability and at the same time by synoptic weather variations (Cushman-Roisin et al., 2001).
The latter are associated with the passage of mid-latitude pressure lows, which are related to
baroclinic instability of the westerly planetary circulation, shaping the cyclones and anticyclones.
As a consequence, the wind field changes from southerly to northerly winds. These conditions
typically occur in winter on a time scale of a week. The typical winds associated with the
described conditions are bora and sirocco.
Bora is a northerly wind that brings jets of cold and dry continental air from the Northeast
towards the sea (Cushman-Roisin et al., 2001). The peak wind speed, about 50 m/s, is reached
near Trieste, Senj and Split. The reasons are the most pronounced mountain gaps located there.
Sirocco is a southerly wind, blowing along the longitudinal axis of the basin. It brings humid
and relatively warm air, sometimes with a combination of a yellow rain (i.e. rain combined with
Saharan dust). Both winds represent strong mechanical forcing to the sea, generating inertial
and subinertial oscillations.
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2.2 Sea level oscillations
SSE variability is generally caused by four principal components (Thomson and Emery, 2001):
(i) short-term temporal oscillations:
− wind waves
− tides
− oscillations due to the atmospheric pressure (inverse barometer effect)
− oscillations due to wind-induced currents along the coast
− oscillations due to river inflow
− oscillations due to large scale ocean circulations
− subinertial sea level oscillation as a possible combination of the previous forcings;
(ii) long-term temporal changes − the changes in the ocean mass as a consequence of melting
and accumulation of land-based ice, as well as the changes in the ocean volume due to the
heating and the cooling of the ocean;
(iii) coastal subsidence − due to the reduction of thickness of the sediments (consolidation) and
erosion;
(iv) large-scale crustal movements − due to the tectonic processes and glacio-isostatic rebound.
We are focused on the first principal component that causes the variability of SSE − the short-
term temporal oscillations. These oscillations, as well as others mentioned above, are generated
by different physical mechanisms and consequently they have a broad range of wave lengths and
periods. Wind induced waves have periods in order of seconds and in contrast, tidal oscillations
have periods in order of several hours and days. The energy spectra of the ocean oscillations
are depicted in Figure 2.2.
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Figure 2.2: Classification of ocean waves by their frequency and period (Toffoli and Bitner-
Gregersen, 2017).
In the next subsections only selected oscillations will be presented. The selection is based on
the importance of the phenomena for the explanation of the research.
2.2.1 Tides
Oceanic tides occur because of the change of position of the Sun and the Moon relative to points
of the Earth’s surface. The changing alignment of the Sun, the Moon and the Earth results
in variation in gravitational forces (Knauss, 1997). The accurate predictions of the ocean tides
started already in 1870 by Lord Kelvin who related their height and phase to the movements of
the Sun and the Moon.
There are three types of tidal cycles: semidiurnal, diurnal and long-period tidal cycles. Semidi-
urnal tidal cycle (M2) has a period of 12.42 hours, therefore it occurs slightly less than twice per
day, while diurnal tidal cycle (K1) occurs once per day with a period of 23.93 hours (Knauss,
1997). Furthermore, long-period tidal cycles occur with even greater periods.
2.2.2 Storm surges
Storm surge is an increase in sea level due to the storm winds blowing towards the coast and
accumulating water against the coast (Stewart, 2008). As a consequence, the storm surge adds
to the tides and the sea level can rise significantly.
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2.2.3 Seiches
Seiches, also called natural (or eigen) modes, are long-period standing oscillations occurring in
enclosed basins as a fundamental property of a particular basin (Rabinovich, 2010). They occur
at the natural resonant periods of the basin, therefore their periods depend on the geometry
and depth of the basin. These periods are called the eigen periods and can be calculated for a






where l is the channel length, h is the channel depth and n = 1, 2, 3, ... is the number of nodes.






where n = 1, 3, 5, ... .
Periods of the seiches are independent of the external mechanisms generating the oscillations.
On the other hand, the oscillations themselves are generated by different direct external forces,
such as (Rabinovich, 2010):
− atmospheric pressure
− wind
− seismic activity (tsunamis and seismic ground waves)
− internal ocean waves 1.
2.2.4 Inertial and subinertial oscillations
An inertial oscillation is a circular oscillation of current velocity vectors with an inertial fre-
quency ωi = 2Ω sinφ caused by the Coriolis force, making it different at different latitudes φ on
the Earth (Talley, 2011). Consequently, inertial currents, caused by the Coriolis force, rotate
clockwise on the Northern Hemisphere and counterclockwise on the Southern Hemisphere.
Subinertial oscillations are the oscillations with periods greater of the period of inertial oscilla-
tion. In the Northern Adriatic Sea the period of inertial oscillation is ti = 2π/ωi = 18 hours.
Therefore, subinertial oscillations have periods greater than 18 hours in the Northern Adriatic
Sea.
1Waves caused by the gravity forces on water particles that are displaced from the equilibrium at an internal
geopotential surface in a stratified fluid (Massel, 1996).
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2.3 Past research on the low-frequency sea level oscillations
2.3.1 Schwab and Rao, 1983
In the article Barotropic oscillations of the Mediterranean and Adriatic Seas by David J. Schwab
and Desiraju B. Rao from 1983 (Schwab and Rao, 1983) the authors studied free modes of
oscillation in the combined Mediterranean-Adriatic system as a two-dimensional structure. To
compute the free modes of oscillation, they took into the account:
− the dimensions of the basins with the predisposition that the Mediterranean basin is an
enclosed basin,
− bottom topography and
− the Earth’s rotation.
By computing the normal modes of oscillation with the combination of bottom topography and
the Coriolis force, they detected two types of normal modes (Schwab and Rao, 1983):
(i) gravitational modes − they develop due to the Earth’s rotation;
(ii) vorticity modes − they develop due to the principle of conservation of potential vorticity.
The results showed four Mediterranean normal modes and three Adriatic normal modes, all with
different periods of oscillation in the scale of a couple hours to over a day. Moreover, the results
showed that the bottom topography has the most significant influence on the computation of
the periods.
2.3.2 Candela and Lozano, 1994
In 1994, Julio Candela and Carlos J. Lozano investigated the Barotropic Response of the Western
Mediterranean to Observed Atmospheric Pressure Forcing (Candela and Lozano, 1994). The au-
thors computed the response effects of the observed atmospheric pressure to the Mediterranean
basin.
Their linear dynamical system consisted of two canals − the Strait of Gibraltar and the Strait
of Sicily − that separated the system between the North Atlantic basin, Eastern Mediterranean
basin and Western Mediterranean basin (Candela and Lozano, 1994). The Earth’s rotation, the
bathymetry and the specific geometry were not considered for the analysis. On the other hand,
in the Eastern and Western Mediterranean basins the spatially uniform sea surface heights were
assumed with no kinetic energy in their interior. The system was triggered by the data mea-
surements of the atmospheric pressure, obtained by the ECMWF (European Centre for Medium
Range Weather Forecasts, Reading, England) with two daily measurements over a span of six
years.
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The results showed, among others, that the dominant barotropic transport signal within the
basins in the Mediterranean Sea is due to the wind stress that induces mostly rotational mo-
tions (Candela and Lozano, 1994). Moreover, the seasonal variability of the response of the Sea
to the atmospheric pressure has been detected with 2 to 3 times higher response in the winter
season.
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3 METHODS
In this section the collection of data, the selection of methods, their mathematical background
and their application are presented.
3.1 In-situ data collection
Several different sources of data were used in order to apply different approaches to the analyses
which can bring us various results with different aspects of the low-frequency oscillations. The
SSE measurements and current velocity measurements were used for analysing a selected event
in the Adriatic Sea, and the long-term SSE measurements were used to analyse the seasonal
characteristics of the signal throughout the Mediterranean Sea.
3.1.1 The Jesolo station
The observations of current velocities and SSE were carried out in Jesolo, seaside resort in the
NW sector of Adriatic Sea near Venice (Figure 3.1, top left corner). The measurements of cur-
rent velocities were carried out with Doppler acoustic wave and current profiler. This device
transmits high frequency sound waves and determines the Doppler frequency of the returned
signal in order to measure the speed and the direction of the current (Thomson and Emery, 2001).
Doppler acoustic wave and current profiler (AWAC, Nortek, Rud, Norway) is deployed 800 m
offshore at the bottom (depth 7 m) (Falcieri et al., 2016). Current velocities were sampled every
10 minutes with a precision of 0.011 m/s in the vertical and 0.034 m/s in the horizontal direc-
tions. For further information on the observations see Archetti et al, 2016 (Archetti et al., 2016).
We observed an intensive and long-lasting event in the North of the Adriatic Sea, at the Jesolo
station, during the end of January and the beginning of February 2014, when documented
flooding of a pier in Piran occurred (ARSO, 2017). During the event in winter 2014 there was
a combination of a warm and moist air, coming from the northern African coast, and a cold
air mass, coming from the eastern continental Europe, both towards the northern Adriatic Sea
(Falcieri et al., 2016). At the beginning of the event this resulted in easterly bora (wind from
the north-east direction), which was turning to a south-east sirocco for two days and finally
turned back to bora. The average wind speed was 10 m/s with air temperature switching from
the lowest 5◦C during the bora to the highest 14.5◦C during the sirocco and sea temperature
remaining constant at approximately 11.5◦C.
3.1.2 The Mediterranean coast
For 62 stations in Italy, France and Spain we obtained long-term SSE time series from the tide
gauge measurements available at the EMODnet (European Marine Observation and Data Net-
work; http://www.emodnet-physics.eu/map/) and The National Tidegauge Network (ISPRA).
The information on the characteristics and the location of the Italian stations can be found at
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The National Tidegauge Network’s official website (http://www.mareografico.it).
The locations of the observed stations are presented in Figure 3.1. SSE time series of the Italian
stations are from the time interval 2010-2018 or shorter. SSE time series from the French and
Spanish stations vary with the eldest starting in 1998 (Marseille) up to present date with the
durations from 1 year to 20 years at most (Marseille). In Table 3.1 we present list of the observed
stations with the observed periods.
Figure 3.1: The locations of the tide gauge stations in Italy (blue), France (purple) and Spain
(orange), and the location of the doppler acoustic wave and current meter in Jesolo near Venice
(NW Adriatic Sea) in the top left corner (Google.com, 2018).
SSE time series of the Italian stations, obtained from The National Tidegauge Network, were
converted from Excel’s .xlsx to ASCII (.txt). The SSE time series from the French and Spanish
stations, obtained from the EMODnet, were downloaded as a NetCDF file1.
1NetCDF is a data format used for sharing the array-oriented scientific data (UCAR, n.d.).
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The NetCDF data from the French and Spanish stations included quality flags, which means
that this data underwent the quality control. The list of the qualtiy flags is as follows:
− 0 − no quality control performed
− 1 − good data
− 2 − probably good data
− 3 − bad data that are potentially correctable
− 4 − bad data
− 5 − value changed
− 6 − not used
− 7 − nominal value
− 8 − interpolated value
− 9 − missing value.
Most of the data was evaluated as good (1). A few data was labelled with quality flags 2 and
4, and some was missing (9). Furthermore, there was some unreliable data with quality flag 0.
All data with bad quality flag was removed.
Bertoncelj, V. 2018. Low-frequency sea level oscillations in the Mediterranean Sea.
BSc Th. Ljubljana, UL FGG, First cycle academic study programme Water Science and Environmental Engineering.
13
Table 3.1: List of observed stations and the observed periods.
Location of a station Period Location of a station Period
Ancona (IT) 2010-2018 Taranto (IT) 2010-2016
Anzio (IT) 2010-2015 Isole Tremiti (IT) 2013-2015
Bari (IT) 2010-2015 Trieste (IT) 2010-2018
Cagliari (IT) 2010-2015 Venice (IT) 2010-2018
Carloforte (IT) 2010-2018 Vieste (IT) 2010-2018
Catania (IT) 2010-2018 Ajaccio (FR) 1996-2013
Civitavecchia (IT) 2010-2018 Centuri (FR) 2010-2013
Crotone (IT) 2010-2017 Fos-sur-Mer (FR) 2006-2013
Gaeta (IT) 2010-2016 Port of Figueirette (FR) 2011-2013
Genova (IT) 2010-2018 Marseille (FR) 1998-2013
Ginostra (IT) 2010-2017 Monaco (FR) 1999-2011
Imperia (IT) 2010-2018 Nica (FR) 1998-2013
La Spezia (IT) 2010-2015 Port-Vendres (FR) 2000-2006
Lampedusa (IT) 2010-2018 Sète (FR)2 −
Livorno (IT) 2010-2018 Solenzara (FR) 2012-2013
Marina di Campo (IT) 2011-2015 Toulon (FR) 1998-2013
Messina (IT) 2010-2018 Alcúdia (SP) 2009-2013
Napoli (IT) 2010-2015 Algeciras (SP) 2009-2013
Ortona (IT) 2010-2017 Barcelona (SP) 2007-2013
Otranto (IT) 2010-2018 Colònia de Sant Jordi (SP) 2015-2017
Palermo (IT) 2010-2015 Formentera (SP) 2009-2013
Palinuro (IT) 2010-2018 Gandia (SP) 2007-2013
Ponza (IT) 2011-2015 Ibiza (SP) 2009-2013
Porto Empedocle (IT) 2010-2017 Mahón (SP) 2009-2013
Porto Torres (IT) 2010-2018 Málaga (SP) 2009-2013
Ravenna (IT) 2010-2017 Melilla (SP) 2007-2013
Reggio Calabria (IT) 2010-2018 Motril (SP) 2007-2013
Salerno (IT) 2010-2018 Palma de Mallorca (SP) 2009-2013
San Benedetto del Tronto (IT) 2010-2018 Sagunto (SP) 2007-2013
Sciacca (IT) 2012-2018 Tarifa (SP) 2009-2013
Strombolicchio (IT) 2013-2015 Valencia (SP) 2007-2013
21956-2018; Inadequate sampling density.
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3.2 Frequency domain and frequency band
As described in Section 2.2, various oscillations with different frequencies are occurring at the
same time in the ocean. There are different possibilities of presenting the characteristics of the
signal, namely in the time-domain (basically a time series) or by decomposing the signal into
periodic components, leading to a frequency-domain representation. While a time-domain graph
presents temporal changes of the signal in a time, the frequency-domain graph is a representa-
tion of quantity of time series data within the specific frequencies.
On the other hand, a frequency band is a selected interval in the frequency domain, selected
on the basis of one’s interests. When collecting the measurements of the sea surface heights
and furthermore obtaining the spectrum of energy associated with different frequencies, one can
narrow the variations of frequencies by filtering the data. For instance, when observing the
tides, the lower and higher frequencies present in data could be removed by applying the filters
to the analysis (Talley, 2011).
We selected frequency band for observing subinertial oscillations between 0.3 − 0.4 day−1 (cor-
responding to a period between 2.5 days and 3.33 days), chosen on the basis of preliminary
observations using SSE and current velocities from the Jesolo station for the chosen event in
winter 2014.
3.3 Selected methods
SSE data measurements from the Jesolo station were analysed using MATLAB-based spectral
analysis to compute the energy spectral density of the signal. This method is suitable to analyse
scalar values − in our case sea surface elevations. For analysing the current velocities in Jesolo
the rotary spectral analysis was performed in MATLAB. This analysis is suitable for vector
quantities − in our case represented by the two horizontal velocity components u and v. With
both methods we isolated the selected frequencies of the signal in the selected frequency band
and computed the energy density spectrum, similar to the one seen in Figure 3.2.
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Figure 3.2: An example of energy density spectrum of the observed sea levels at the Venice
station for a time interval from 15.2.2016 to 16.3.2016 shows a pronounced peak at the 0.5 days
period (semidiurnal tidal cycle) and another at the 1 day period (diurnal tidal cycle).
Measured data from the Mediterranean Sea stations were analysed using three methods. First,
the events with the signal within the selected frequency band were isolated by performing the
wavelet analysis in MATLAB. This analysis tracks the evolution of the signal characteristics
through the data set by computing the wavelet coefficients (Thomson and Emery, 2001).
After secluding the events with the strongest signal in the selected frequency band, we computed
the energy spectral density of a signal by using MATLAB-based spectral analysis algorithms
(the same procedure as in the case of the Jesolo station’s analysis of SSE).
We conducted wavelet analysis and spectral analysis on a few Italian stations’ data (Venice,
Ravenna, Ancona and Trieste). On the other hand, the moving-periodogram analysis was per-
formed on data from all stations from the Table 3.1. We used this method as an instrument,
alternative to the wavelet analysis, allowing an overview on the entire time series at once and
a preliminary identification of the time intervals requiring a deeper analysis. To determine the
energy spectral density of a signal with moving-periodogram analysis, the Welch’s method3 was
employed.
The description of the analyses in the following sub-chapters is adapted following the Emery
and Thomson, 2001 (Thomson and Emery, 2001).
3Named after Peter D. Welch, who first introduced in his article The Use of the Fast Fourier Transform for the
Estimation of Power Spectra: A Method Based on Time Averaging Over Short, Modified Periodograms in 1967
(Welch, 1967).
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3.3.1 Wavelet analysis
Wavelets are wave signals with localized amplitude modulation and with properly selected math-
ematical function they can describe the signal, as seen in Figure 3.3.
Figure 3.3: The broadly used wavelet is a standard Morlet wavelet.
Wavelet analysis has many advantages compared to the more common Fourier analysis. In our
case it is a necessary part of the research, as it can be used for analysis of non-stationary signals,
where amplitudes of the frequency components of the signals are time variable. Wavelet analysis
therefore tries to characterize the signal by localizing the amplitude and phase of each spectral
component of data sets.
The basis for a wavelet transform is ‘a mother wavelet’ g(t) from which the set of functions





where the function g is a mother wavelet function, τ is translation parameter that defines the
centre of a wavelet and a is a scale dilation parameter that defines the width of a wavelet.








where g∗ denotes the complex conjugate of g.
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To properly describe the signals the first step is to choose the right ‘mother wavelet’. The
adopted g(t) should have the same pattern as the signal that we are looking for. In the ongoing
research we selected the standard Morlet wavelet (see Figure 3.3):








Morlet wavelet is essentially a sine function (determining the carrier frequency) modulated with
a Gaussian peak (determining the envelope of the signal). It progresses through time series x(t)
with increasing τ and has a centre of the wavelets at t = τ . Scale dilation parameter a influences
the width of the Gaussian curve, while parameter c determines the number of oscillations over
the span of the function.
The wavelet analysis is a suitable preliminary step for the analysis of relatively long and non-
stationary time series. With this tool one can point out the periodic events with the most
intense signal within the desired frequency band. It is therefore the first step in determining the
frequencies of the SSE.
3.3.2 Spectral analysis
When the events and their time interval are identified, we characterize the energy associated
with the signal frequencies, namely the energy spectrum. This gives the distribution of energy
at different signal frequency bands.
We applied discrete time series y(tn) = yn measured at equally spaced time increments tn = n∆t,
where ∆t is the 10-minute sampling interval. The time series have finite duration T = N∆t
with finite number of measurements N .
Ensuring that the applied time series y(t) are band-limited, i.e. they have a limited number
of frequencies, the frequencies that can be resolved by spectral analysis are limited by Nyquist
critical frequency:
fk ≡ 1/(2∆t) (3.4)
and the frequencies that can be calculated are fk:
− fk ≤ fk ≤ fN (3.5)
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for k = 0, ..., N .
The energy spectral density for a discrete, finite-duration time series SE(fk) is defined as the
square of the modulus of Fourier transform:
SE(fk) = |Yk|2 (3.8)
k = 0, ..., N − 1.









Since we have finite number of data with finite transform, we need to use the smoothing func-
tion in order to reduce the discontinuity at the data-set boundary. This is done by selecting an
appropriate window that will smooth the spurious spectral components arising from the contri-
bution of the extremes in the recording interval. For this purpose we used the Hanning window
(Heinzel et al., 2002).
Moving-periodogram analysis
As the spectral analysis is time-consuming due to conducting analyses on every chosen period
individually, the moving-periodogram analysis was conducted to estimate the periods in which
the signal is the strongest. Moving-periodogram analysis allows simultaneous estimation of the
spectral density on the entire time series, providing a single diagram for the entire time series
in a single location, called periodogram. It decomposes the signal into a set of harmonic compo-
nents and, as in the spectral analysis, computes the spectral energy density.
For the specific analysis the Welch’s averaged, modified periodogram method of spectral esti-
mation was used (Welch, 1967). It is an improved version of initial Bartlett’s method. Welch’s
method divides the time series data into segments with a chosen percentage of overlapping
between them. To diminish the effect of redundancy because of the overlapping, the nonrectan-
gular windowing is introduced. The resolution can be improved by properly chosen parameters
of windowing and overlapping in order to remove noise and minimize the effect of non-periodicity
of the signal. In addition, the period of overlapping window segments has to be chosen properly.
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Since the mathematical functions used for the Welch’s method are already included in the MAT-
LAB, the task was to determine the parameters. For the analysis the chosen period was 90 days,
the chosen length of a window was 30 days and the percentage of the overlay was 50%.
3.3.3 Rotary spectral analysis
In case of vectorial time series, the analysis of the signal in the frequency domain requires the
use of the rotary spectral analysis. A 2-dimensional complex current vector w(t) = u(t) + iv(t)
is composed of two orthogonal components u(t) and v(t), which in the case of Jesolo represent
the along- and cross-shore components of the vertically-averaged horizontal current velocity.
Current vector w(t) can be then written as Fourier series:
w(t) = u(t) +
N∑
k=1








= [u(t) + iv(t)] +
N∑
k=1
[Uk cos(ωkt− φk) + iVk cos(ωkt− θk)]
(3.11)
where t = N∆t, angular frequency is ωk = 2πkt and u(t) + iv(t) is the mean complex velocity.
Amplitudes of the k-th Fourier component are Uk and Vk and phases are φk and θk for the real
and imaginary components.
Defining the even functions as (U1k, V1k) and the odd functions and as (U2k, V2k):
U1k = Uk cosφk (3.12)
V1k = Vk cos θk (3.13)
U2k = Uk sinφk (3.14)
V2k = Vk sin θk (3.15)
and reorganizing the equation (see (Thomson and Emery, 2001, p. 429) for more informa-
tion), we can summarize the counter-clockwise and clockwise components and describe the k-th
frequency component of the series as:



































2 + (U2k + V1k)2}1/2 (3.18)
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The corresponding phases for the time t = 0 are further defined by ε+k and ε
−
k as:
ε+k = arctan[(V1k − U2k/(U1k + V2k)] (3.19)
ε−k = arctan[(U2k + V1k/(U1k − V2k)] (3.20)
The two opposite rotary components of the energy spectral density are valid for frequencies
fk = ωk/2π defined by the counter-clockwise spectra:





for the positive frequency fk = 0, ..., 12∆t and by the clockwise spectra:





for the negative frequency fk = − 12∆t , ..., 0.
The energy spectral density is then presented as a function of frequency magnitude |f | ≥ 0 and
both components of spectra, where the clockwise and counter-clockwise spectra are plotted for
negative and for positive frequencies, respectively.
In the fields of physical oceanography this method is very powerful in the detection of pulsing
signals that can otherwise be masked by the complexity of the circulation features that normally
coexist (and interact) in the ocean. For instance, it has been used for decades in the study of
topographic waves (that is, waves originated by the interplay of the effects of rotation and bot-
tom topography): first, only with reference to mooring data (Thompson and Luyten, 1976), and
subsequently also to velocity fields provided by numerical models (Dukhovskoy et al., 2009),
allowing also a spatial characterisation of the extent of the signal (Bonaldo et al., 2018).
3.4 Application of the methods
In this section each of the methods is presented by its application to the selected station and its
explanation.
3.4.1 Wavelet analysis
We present an example of the wavelet analysis performed at the Venice station in Italy. The first
step was to apply the wavelet analysis to all available data in the time interval from 1.1.2010
to 1.1.2018. This was done by dividing the time-series into 14 subintervals with the duration
of 6 months. Then the wavelet analysis had to be applied on each of the subintervals, and the
intervals with densest energy in the frequency domain had been secluded and afterwards more
thoroughly analysed.
We present an example of the chosen time interval where the signal was detected (from 20.1.2012
to 21.2.2012) and the wavelet analysis for this interval in Figure 3.4.
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Figure 3.4: Time series (top) and wavelet transform analysis (bottom) of the sea surface eleva-
tions for the station Venice (Italy) between 20.1.2012 and 21.2.2012. #1 points on semidiurnal
tidal frequencies, #2 points on diurnal tidal frequencies and #3 points on subinertial frequencies.
The top diagram shows the raw data and the bottom diagram shows the wavelet coefficients of
a time series. On the latter the y-axis depicts the period of signal and the x-axis depicts time.
The strongest colours in the plots, associated with the higher wavelets coefficients, depict the
densest energy in those frequencies. This is seen for diurnal (marked in the diagram as #2) and
semidiurnal (marked in the diagram as #1) tidal frequencies, as also for some other frequencies.
This is to say, for the lower frequencies there is a stronger colourful line at the period between
2.5 and 5 days (marked in the diagram as #3).
3.4.2 Spectral analysis
After the intervals with the signal are selected with the wavelet analysis, the spectral analysis
can be performed, as shown in the example of the previously selected interval between 20.1.2012
and 21.2.2012 for the Venice station, Italy (Figure 3.4). The spectral analysis in the same time
interval is presented in Figure 3.5.
The top diagram shows the raw data and the bottom diagram shows the spectrum of frequencies
of a time series. On the latter the y-axis depicts the variance density spectrum and the x-axis
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depicts the period in days. The highest spectral energy is associated with the highest peaks.
This can be applied for diurnal (marked in the diagram as #2) and semidiurnal (marked in
the diagram as #1) tidal frequencies, and for periods between 2.5 and 5 days (marked in the
diagram as #3).
Figure 3.5: Time series (top) and spectral analysis (bottom) of the sea surface elevations for
the Venice station (Italy) between 20.1.2012 and 21.2.2012. #1 points on semidiurnal tidal
frequencies, #2 points on diurnal tidal frequencies and #3 points on subinertial frequencies.
3.4.3 Rotary spectral analysis
As already mentioned, rotary spectral analysis was applied only at the Jesolo station in Italy.
It was done especially for the purpose of finding out whether other kinds of data measurements
than SSE can show the evidence of the signal. This analysis was performed for a chosen event
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in winter 2014. The rotary spectral analysis is presented in Figure 3.6.
Figure 3.6: Velocity time series (top) and rotary spectral analysis (bottom) at the Jesolo station
for the period 20.1.2014 to 21.2.2014. Red circles mark subinertial signal with the periods
between 2.5 and 5 days.
The top diagram shows the raw data and the bottom diagram shows the spectrum of frequencies
of a time series. On the latter the y-axis depicts the variance density spectrum and the x-axis
depicts the period in days, where the sign represents counterclockwise (positive) and clockwise
(negative) vector oscillations. The peaks show the frequencies with the highest spectral energy.
The two peaks marked with the red circle in the diagram both show approximately the same
period between 2.5 and 5 days.
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3.4.4 Moving-periodogram analysis
Moving-periodogram analysis was performed on the entire time series for the stations in the
Mediterranean Sea listed in Table 3.1.
In Figure 3.7 we present a diagram of frequency spectra for the Venice station between 2010 and
2018. The y-axis describes time and the x-axis the period in days. The dark red colour repre-
sents the strongest energy spectral density, meaning the most energy in these frequencies. This
is evident for diurnal (marked in the diagram as #2) and semidiurnal (marked in the diagram
as #1) tidal frequencies, and for the frequencies with periods between 2.5 and 5 days (marked
in the diagram as #3) with lower energy.
Figure 3.7: Moving-periodogram analysis for the Venice station. #1 points on semidiurnal tidal
frequencies, #2 points on diurnal tidal frequencies and #3 points on subinertial frequencies.
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4 RESULTS AND DISCUSSION
The preliminary data analysis at the Jesolo station between 20.1.2014 and 21.2.2014 showed
the evidence of a subinertial signal with a period of 3.3 days for both the current velocities and
the SSE. The results are presented in Figure 4.1. This indicates the existence of a subinertial
signal and leads us to further investigation in the frequency band between 0.3 − 0.4 day−1
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Furthermore, the wavelet analysis at the Venice station between 2010 and 2018 showed the evi-
dence of a subinertial signal in the same frequency band at least once per year. The intervals in
which the signal was evidenced and the durations of the signal are presented in Table 4.1. The
signal was usually evidenced more than once per year, which suggests the episodical occurrence
of the subinertial signal at this station.
Table 4.1: Evidences of a subinertial signal for a Venice station, analysed with wavelet analy-
sis. More durations of a signal written in the last column implicit durations of the separated
subinertial signals detected in the period of observation.
Year Period of observation Duration of a signal [days]
2010 1.1. − 15.3. 15
2011 10.2. − 25.3. 20
2012 20.1. − 21.2. 15
2013 10.1. − 25.3. 30
10.3. − 25.5. 10 + 10
2014 20.12.2013 − 10.3.2014 20 + 30
20.3. − 20.4. 15
2015 20.12.2014 − 10.3.2015 60
20.3. − 5.5. 15 + 10
2016 15.2. − 16.3. 10
1.10. − 1.12. 15 + 10
2017 1.1. − 10.3. 15 + 15 + 10
15.4. − 25.5. 20
1.9.2017 − 1.1.2018 15 + 20 + 30
As seen in Table 4.1, the subinertial signal, evidenced at the Venice station, was witnessed dur-
ing the year from the beginning of September till the end of May, suggesting that no signal was
found in the warmer part of the year.
There is an evidence of the strongest subinertial signal, obtained with the spectral analysis, for
the available data at the Venice station in the time interval from 20.1.2012 to 21.2.2012. Fur-
thermore, the spectral analyses, conducted on other Italian stations in the Northern Adriatic
Sea for the same time interval, show the peaks in the 3.3 days period. These findings suggest
that occurrence of such subinertial signals is a common phenomenon in the entire Northern
Adriatic Sea, as shown in the diagrams of spectral analyses for the Venice, Ravenna and Ancona
stations, presented in Figure 4.2.
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Figure 4.2: Evidences of the subinertial signal for the Venice, Ravenna and Ancona stations,
analysed with spectral analysis.
The results from the moving-periodogram analysis for the Mediterranean stations confirm that
the signal is evidenced throughout the Mediterranean basin. Furthermore, the results generally
suggest that the signal is evidenced seasonally (i.e. in winter season). As an example we present
the longest observed SSE measurements from the Marseille (France) in Figure 4.3. As seen
from the figure, the missing data affect the results of the moving-periodogram analyses, and the
results, in order to be useful for the analysis, have to consist at least one continous year in the
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diagram. In Figure 4.4 we present an example of the moving-periodogram analysis, obtained
with far too much missing data. In such cases, no conclusions can be brought and the results
cannot be used for any further analyses.
Figure 4.3: Moving-periodogram analysis for the Marseille station in France for the time interval
1998-2013.
Figure 4.4: Moving-periodogram analysis for the Ginostra station in Italy for the time interval
2010-2018.
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The moving-periodogram analysis of the atmospheric pressure at the Porto Torres for the time
interval from 2010 to 2017 (Figure 4.5) shows a similar signal pattern compared to the pattern
of the subinertial SSE signal from the Figure 4.3 (Bertoncelj et al., 2018). Comparing these two
figures, it can be indicated that there is an evidence of a strong meteorological control of the
signal that is consistent with the paper by Candela and Lozano (1994).
Figure 4.5: Moving-periodogram analysis of atmospheric pressure for the Porto Torres for the
time interval from 2010 to 2017 (Bertoncelj et al., 2018).
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5 CONCLUSION
Even though the research is still underway, we can confirm the working hypothesis: we evidenced
the first characteristics of the signal, a strong low-frequency oscillation along the Mediterranean
coastline, with a subinertial period of 3.3 days. Furthermore, we observed that the signal is only
occasionally peaked and occurs episodically. Moreover, the subinertial signal is a wintry feature.
The meteorological control of the signal, suggested by Candela and Lozano (1994), was observed
from the obtained results. Furthermore, Schwab and Rao (1983) found an evidence of a free
oscillation mode in the Mediterranean Sea at 38.5-hour period, corresponding to approximately
half-period of the signal depicted in this study. The question follows: is there a presence of a
free mode oscillation in the observed signal?
We can conclude that the subinertial signal is present throughout the Mediterranean Sea. How-
ever, the calculated features are insufficient for predicting the presence of the signal, its duration
and the amplitude − the facts that are important for forecasting the coastal flooding. There-
fore, it is extremely important to fully understand the complete mechanisms of the signal in
order to make any useful predictions. The follow-up research should therefore prove that with
the available data from the Mediterranean Sea the selected methods can successfully imply the
origin, the characteristics and the possible consequences of the observed subinertial signal to the
coastal area.
Follow-up work therefore includes answering the yet unsolved questions about the mechanisms
driving the low-frequency sea level oscillations, calculating the amplitude of SSE, as well as
predicting and evaluating the possible consequences of the signal. To support or refute the
connection of the observed subinertial signal with the free oscillation modes triggered by syn-
optic scale atmospheric processes, we shall search for the evidences using Mediterranean-scale
barotropic hydrodynamic model. We shall dedicate more time to a deeper investigation of the
signal propagation throughout the basin. Moreover, we shall invest in characterizing large scale
metocean forcings triggering the process. At the end, the investigation of possible climate change
influence on sea level oscillation could be investigated using multi-decadal SSE time series.
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V obmorskih mestih, kot sta Benetke in Piran, lahko le za nekaj centimetrov povišana morska
gladina povzroči poplave, ki poškodujejo tako zasebno in javno lastnino kot tudi kulturno
dediščino. Prevladujoči dejavniki, ki povzročijo eno najbolj znanih poplav v Benetkah, imen-
ovano acqua alta, so sovpadanje plime, južnega vetra z nevihtnim valom ter vrh jadranskega
seša, ki niha z 21.5-urno periodo. Tem pojavom se pridruži še vpliv nizkega zračnega pritiska,
ki vpliva na morsko gladino z inverznim pojavom za približno δh/δp = −1 cm / mbar. Ko se
omenjeni dejavniki pojavijo sočasno, so posledice lahko velike. Poleg zgoraj naštetih pojavov pa
lahko k višanju morske gladine pripomorejo tudi subinercialna nihanja morske gladine.
Zaradi vedno večjega števila antropogenih pojavov ob obali in zavedanja posledic morskih poplav,
se vedno več raziskovalnih ustanov ukvarja z meritvami morske gladine po celotni obali Sre-
dozemskega morja. Veliko število izmerjenih podatkov je zato uporabnih pri identifikaciji sig-
nalov, ki vplivajo na morske poplave.
Naša hipoteza je, da lahko z ustrezno izbiro metod opišemo značilnosti nizkofrekvenčnih nihanj
morske gladine. S tem lahko pripomoremo k natančnejši napovedi morskih poplav ter k razvoju
boljših protiukrepov.
Analizirali bomo subinercialna nihanja morske gladine v Sredozemskem morju. Pri tem bomo
uporabili več metod − valčno analizo, spektralno analizo, analizo drsečega periodograma (angl.
moving periodogram analysis) ter rotacijsko spektralno analizo − na merjenih podatkih višine
morske gladine in hitrostih morskega toka določenega nevihtnega pojava na Jadranskem morju
ter na večletnih merjenih podatkih višine morske gladine za ostale postaje v Sredozemskem
morju. S kombinacijo različnih tehnik bo nato možno ugotoviti, kje se signal pojavi, ter slediti
razvoju le-tega. Poleg tega pa je z večletnimi meritvami možno spremljati časovne spremembe
signala.
Naš cilj je raziskovati možnosti uporabe in-situ podatkov za identifikacijo subinercialnih signalov
ter njihova uporaba pri identifikaciji izvora signala, značilnosti in njegovih posledic.
6.2 Oceanografsko ozadje
6.2.1 Sredozemsko in Jadransko morje
Sredozemsko morje je pol-zaprto morje, ki ga Sicilska ožina, globoka 430 m, deli na vzhodni
in zahodni bazen (Knauss, 1997). Z Atlantskim oceanom je povezan preko Gibraltarske ožine,
s Črnim morjem pa preko Dardanel in Bosporja (Talley, 2011). Najgloblja točka vzhodnega
bazena meri 4200 m, zahodnega pa 3400 m.
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Sredozemsko morje ima negativno vodno bilanco, saj je tam izhlapevanje večje od padavin in
rečnega dotoka (Talley, 2011). Prav zaradi posebnosti Sredozemskega morja − je namreč toplo
in slano ter posledično gostejše − ima odtok le-tega velik vpliv na Atlantski ocean.
Jadransko morje je prav tako pol-zaprto morje, ki je del severovzhodnega Sredozemskega morja.
Njegovo obliko lahko aproksimiramo s podolgovatim pravokotnikom dolžine 800 km in širine
200 km (Cushman-Roisin et al., 2001). Preko relativno širokih Otrantskih vrat je povezano z
Jonskim morjem. Severni del Jadranskega morja je plitek z globino 15 m preko Beneško-Tržaške
obale. Globina nato raste proti jugu, kjer doseže največjo globino 1200 m.
Na Jadransko morje zaradi njegove srednje geografske širine vplivajo močne sezonske spremembe
ter sinoptični vremenski pojavi, ki so povezani z baroklinsko nestabilnostjo, ki prinaša ciklone
in anticiklone (Cushman-Roisin et al., 2001). Kot posledica, se smer vetra pozimi pogosto
spreminja od severovzhodnega (burja) proti južnemu vetru (jugo). Burja prinaša hladen in suh
kontinentalni zrak, ki doseže maksimalno hitrost približno 50 m/s na območjih med izrazitimi
gorskimi predeli. Jugo pa nasprotno prinaša vlažen in relativno topel zrak, včasih v kombinaciji
s saharskim dežjem. Oba našteta vetrova predstavljata močno mehansko silo, ki tvori inercialna
in subinercialna nihanja.
6.2.2 Nihanja morske gladine





− nihanje zaradi zračnega pritiska
− nihanje zaradi vetrnih tokov ob obali
− nihanje zaradi rečnega dotoka
− nihanje zaradi velikih morskih cirkulacij
− subinercialna nihanja kot kombinacija zgoraj naštetih dejavnikov;
(ii) dolgotrajne spremembe − spremembe v masi in volumnu morja;
(iii) obalno pogrezanje − zaradi pojava konsolidacije in erozije;
(iv) obsežni premiki zemeljske skorje.
V splošnem so nihanja morske gladine posledica različnih fizikalnih mehanizmov, ki jih generi-
rajo, in posledično povzročajo signale z različnimi valovnimi dolžinami in periodami. Medtem,
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ko imajo vetrni valovi periodo v rangu sekund, ima plimovanje periodo v rangu ur in dni.
Plimovanje
Plimovanje nastane zaradi različne pozicije sonca, lune in zemlje, ki spreminja gravitacijsko polje
in posledično vpliva na delce morske vode (Knauss, 1997). Poldnevno plimovanje (M2) s periodo
12.42 ure se pojavi malo manj kot dvakrat na dan, medtem ko dnevno plimovanje (K1) s periodo
23.93 ur nastopi približno enkrat na dan.
Seš
Seš, imenovan tudi prosto nihanje, je stoječe valovanje v bazenih, ki je odvisno od glavnih značil-
nosti določenega bazena (Rabinovich, 2010). Njegova perioda je torej odvisna od geometrije
bazena. Seše generirajo različni zunanji mehanizmi, kot so:
− zračni pritisk
− veter
− seizmična aktivnost (tsunamiji in seizmični zemeljski valovi)
− notranji valovi v stratificirani tekočini.
Inercialna in subinercialna nihanja
Inercialno nihanje je nihanje vektorjev hitrosti morskih tokov z inercialno frekvenco ωi =
2Ω sinφ, ki je posledica Coriolisove sile (Talley, 2011). Posledično je inercialna frekvenca ra-
zlična v različnih zemljepisnih širinah φ, inercialni tokovi pa se na severni polobli gibljejo v
smeri urinega kazalca, na južni polobli pa v nasprotni smeri urinega kazalca.
Subinercialna nihanja so nihanja s periodo večjo od periode inercialnih nihanj. Na severnem
Jadranu je perioda inercialnega nihanja ti = 2π/ωi = 18 ur, torej je perioda subinercialnega
nihanja tu večja od 18 ur.
6.2.3 Pretekle raziskave nizkofrekvenčnih nihanj morske gladine
Schwab in Rao, 1983
V raziskavi Barotropic oscillations of the Mediterranean and Adriatic Seas iz leta 1983 sta
David J. Schwab in Desiraju B. Rao preučevala prosta nihanja kombiniranega Sredozemsko-
Jadranskega sistema kot dvodimenzionalnega sistema (Schwab in Rao, 1983). Izračunala sta
štiri prosta nihanja Sredozemskega morja ter tri prosta nihanja Jadranskega morja. Poleg tega
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pa rezultati razkrivajo tudi, da ima na izračun prostih nihanj največji vpliv topografija morskega
dna.
Candela in Lozano, 1994
Julio Candela in Carlos J. Lozano sta v svoji raziskavi Barotropic Response of the West-
ern Mediterranean to Observed Atmospheric Pressure Forcing iz leta 1994 računala odziv Sre-
dozemskega morja na zračni pritisk (Candela in Lozano, 1994). Ugotovila sta, da dominanten
signal v Sredozemskem morju nastane zaradi vetra, ki povzroči rotacijsko gibanje morske vode.
Poleg tega pa sta ugotovila tudi, da je odziv morske vode na zračni pritisk odvisen od sezone −
v zimskih mesecih je bil odziv namreč od 2- do 3-krat večji.
6.3 Metode
6.3.1 Zbiranje in-situ podatkov
Zaradi uporabe različnih vrst analiz so bili izbrani podatki iz različnih merilnih mest v Sre-
dozemskem morju. Za analizo izbranega dogodka iz Severnega Jadrana so bili zbrani podatki
višin morske gladine ter podatki hitrosti morskih tokov z merilnega mesta Jesolo. Za večletno
analizo celotnega Sredozemskega morja pa so bili zbrani podatki višin morske gladine iz vseh
trenutno razpoložljivih merilnih mest.
Postaja Jesolo
Na postaji Jesolo, ki leži v severozahodnem delu Jadranskega morja blizu Benetk, Italija, so
bile merjene hitrosti morskega toka ter višine morske gladine. Hitrosti morskega toka so bile
izmerjene z Dopplerjevo napravo za merjenje hitrosti in smeri tokov. Merjenje je potekalo vsakih
10 minut. Na Sliki 6.1 levo zgoraj je lokacija postaje Jesolo.
V Severnem Jadranu smo opazovali intenziven in dolgotrajen dogodek, ki se je odvijal med kon-
cem januarja in začetkom februarja 2014. Takrat je bilo zabeleženo tudi poplavljanje pomola v
Piranu (ARSO, 2017). Na začetku je s severovzhoda pihala burja, ki se je za dva dni obrnila
v jugo, ter se nato ponovno spremenila nazaj v burjo (Falcieri et al., 2016). Povprečna hitrost
vetra je bila 10 m/s, temperatura zraka pa se je gibala med 5◦C pri burji in 14.5◦C pri jugu.
Temperatura morja je bila ves čas okoli 11.5◦C.
Obala Sredozemskega morja
Večletna merjenja višine morske gladine z 62 mareografskih postaj iz Italije, Francije in Španije
so bila pridobljena z omrežja EMODnet (European Marine Observation and Data Network;
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http://www.emodnet-physics.eu/map/) ter z omrežja The National Tidegauge Network (IS-
PRA; http://www.mareografico.it). Meritve iz italijanskih postaj so pridobljene za časovni
interval med 2010 in 2018. Meritve iz ostalih postaj so dolge od 1 leta do največ 20 let (mer-
itve s postaje Marseille, Francija, so se začela že leta 1998). Kakovost podatkov s francoskih
in španskih postaj je bila predhodno preverjena. Na Sliki 6.1 so označene lokacije opazovanih
mareografskih postaj.
Slika 6.1: Lokacije mareografskih postaj v Italiji (modra), Franciji (vijolična) in Španiji
(oranžna) ter lokacija postaje Jesolo (Italija) v zgornjem levem kotu (Google.com, 2018).
6.3.2 Frekvenčna domena in frekvenčni pas
Kot že omenjeno v Poglavju 6.2.2, se v morju hkrati pojavljajo različna nihanja z različnimi
frekvencami. Prikaz značilnosti signala je lahko različen − s časovno domeno (časovni niz)
ali z razstavljanjem signala na periodične komponente, ki vodijo do frekvenčne domene. V
frekvenčni domeni pa lahko, glede na frekvence, ki nas zanimajo, s filtriranjem podatkov izber-
emo frekvenčni pas. Pri opazovanju plimovanja lahko, na primer, s filtri odstranimo višje in
nižje frekvence, ki nas ne zanimajo.
Za opazovanje subinercialnih nihanj smo izbrali frekvenčni pas 0.3 − 0.4 dni−1, ki ustreza peri-
odi med 2.5 dni in 3.33 dni. Izbira je temeljila na začetnih raziskavah nihanja morske gladine s
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postaje Jesolo.
6.3.3 Izbira metod
Za vse analize je bilo uporabljeno programsko orodje MATLAB.
Za izračun energijske spektralne gostote signala iz meritev višine morske gladine na postaji
Jesolo je bila uporabljena spektralna analiza. Ta metoda je uporabna za analizo skalarnih
komponent − v našem primeru gladine morske vode. Za izračun energijske spektralne gostote
signala iz meritev morskih tokov pa je bila uporabljena rotacijska spektralna analiza. Ta metoda
je primerna za vektorske količine − v našem primeru za horizontalne komponente hitrosti u in
v. Z obema metodama smo izolirali frekvence signala v izbranem frekvenčnem pasu.
Za analizo večletnih meritev s postaj Sredozemskega morja smo uporabili tri metode. Najprej
smo z valčno analizo izolirali dogodke, v katerih se je signal pojavil. Ta analiza spremlja razvoj
značilnosti signala preko izračuna valčnih koeficientov. Ko so bili časovni intervali z vsebovanim
signalom izbrani, smo na izbranih časovnih intervalih izvedli spektralno analizo (enak postopek
kot pri postaji Jesolo).
Valčno analizo in spektralno analizo smo izvedli le za nekaj Italijanskih postaj (Benetke, Ravena,
Ancona in Trst). Za meritve z vseh ostalih postaj v Sredozemskem morju pa smo uporabili anal-
izo drsečega periodograma (angl. moving-periodogram analysis). Ta analiza, ki je alternativna
valčni analizi, omogoča sočasen pregled celotne časovne vrste. Hkrati pa omogoča tudi pred-
hodno identifikacijo časovnih intervalov, ki so vredni globje analize. Za določitev energijske
spektralne gostote signala je bila uporabljena Welcheva1 metoda.
Matematično ozadje naštetih analiz je opisano v Poglavjih 3.3.1 − 3.3.3.
6.3.4 Uporaba metod
Valčna analiza
Primer uporabe valčne analize je predstavljen za mareografsko postajo Benetke, Italija. Najprej
je bilo metodo potrebno uporabiti na vseh meritvah iz razpoložljivega časovnega intervala med
1.1.2010 in 1.1.2018. Za to je bilo potrebno razdeliti časovne vrste na 14 podintervalov, dolgih
6 mesecev. Valčno analizo smo uporabili na vseh podintervalih, nato pa smo izločili in temeljito
analizirali intervale z večjo energijsko gostoto.
1Imenovana po Petru D. Welchu, ki jo je prvi predstavil v svojem članku The Use of the Fast Fourier Transform
for the Estimation of Power Spectra: A Method Based on Time Averaging Over Short, Modified Periodograms
leta 1967 (Welch, 1967).
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Primer časovnega intervala, kjer je bil signal z valčno analizo zaznan (od 20.1.2012 do 21.2.2012),
je prikazan na Sliki 6.2. Zgornji diagram prikazuje časovno vrsto merjenih podatkov, spodnji
diagram pa prikazuje izračunane valčne koeficiente. Na spodnjem diagramu je na y-osi perioda
signala, na x-osi pa je pa čas. Intenzivnejše barve na diagramu predstavljajo večjo energijsko gos-
toto v določenih frekvencah. To se vidi pri frekvenci poldnevnega plimovanja (#1) in dnevnega
plimovanja (#2), kot tudi pri frekvencah subinercialnega nihanja (#3).
Slika 6.2: Časovna vrsta (zgoraj) in valčna analiza (spodaj) nihanja gladine morske vode za
postajo Benetke (Italija) za časovni interval 20.1.2012 − 21.2.2012. #1 prikazuje frekvenco
poldnevnega plimovanja, #2 prikazuje frekvenco dnevnega plimovanja in #3 prikazuje subiner-
cialno frekvenco.
Spektralna analiza
Ko so časovni intervali, ki vsebujejo subinercialni signal, z valčno analizo določeni, se na njih
izvede spektralna analiza. Primer uporabe spektralne analize je izveden na izbranem intervalu
od 20.1.2012 do 21.2.2012 za postajo Benetke, Italija (Slika 6.3). Zgornji diagram prikazuje
časovno vrsto merjenih podatkov, spodnji diagram pa prikazuje spekter frekvenc časovne vrste.
Na spodnjem diagramu je na y-osi spekter gostote energije, na x-osi pa je pa perioda. Vrhovi
krivulje na diagramu predstavljajo višjo spektralno energijo. To se vidi pri frekvenci poldnevnega
plimovanja (#1) in dnevnega plimovanja (#2), kot tudi pri frekvencah subinercialnega nihanja
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(#3).
Slika 6.3: Časovna vrsta (zgoraj) in spektralna analiza (spodaj) nihanja gladine morske vode za
postajo Benetke (Italija) za časovni interval 20.1.2012 − 21.2.2012. #1 prikazuje frekvenco pold-
nevnega plimovanja, #2 prikazuje frekvenco dnevnega plimovanja in #3 prikazuje subinercialno
frekvenco.
Rotacijska spektralna analiza
Rotacijska spektralna analiza, izvedena na podatkih hitrosti morskega toka za postajo Jesolo,
Italija, je bila uporabljena predvsem za ugotavljanje, ali tudi druge vrste podatkov (ne samo
višine morske gladine) pokažejo znake subinercialnega signala. Rezultati rotacijske spektralne
analize za izbran dogodek iz leta 2014 so prikazani na Sliki 6.4.
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Zgornji diagram prikazuje časovno vrsto merjenih podatkov, spodnji diagram pa prikazuje spek-
ter frekvenc časovne vrste. Na spodnjem diagramu je na y-osi spekter gostote energije, na x-osi
pa je perioda. Vrhovi krivulje na diagramu pomenijo višjo spektralno energijo. To se vidi pri
frekvenci poldnevnega plimovanja (#1) in dnevnega plimovanja (#2), kot tudi pri frekvencah
subinercialnega nihanja (#3).
Slika 6.4: Časovna vrsta hitrosti morskega toka (zgoraj) in rotacijske spektralne analize (spo-
daj) za postajo Jesolo (Italija) za časovni interval med 20.1.2014 in 21.2.2014. Rdeča kroga
predstavljata subinercialna nihanja s periodami med 2.5 in 5 dni.
42 Bertoncelj, V. 2018. Low-frequency sea level oscillations in the Mediterranean Sea.
BSc Th. Ljubljana, UL FGG, First cycle academic study programme Water Science and Environmental Engineering.
Analiza drsečega periodograma
Za drseči periodogram je bila sočasno uporabljena celotna časovna vrsta določene postaje. Na
Sliki 6.5 je prikazan primer uporabe analize za postajo Benetke, Italija, za časovno vrsto med
letoma 2010 in 2018. Na diagramu predstavlja y-os čas in x-os periodo. Temno rdeča barva
prikazuje najmočnejšo energijsko spektralno gostoto, kar pomeni, da je največ energije v teh
frekvencah. To se vidi pri frekvenci poldnevnega plimovanja (#1) in dnevnega plimovanja (#2),
z malo manjšo energijsko spektralno gostoto pa tudi pri frekvencah subinercialnega nihanja (#3).
Slika 6.5: Analiza drsečega periodograma za postajo Benetke. #1 prikazuje frekvenco pold-
nevnega plimovanja, #2 prikazuje frekvenco dnevnega plimovanja in #3 prikazuje subinercialne
frekvence.
6.3.5 Rezultati in razprava
Analiza meritev nihanja gladine morske vode in hitrosti morskega toka s postaje Jesolo, Italija,
za časovni interval med 20.1.2014 in 21.2.2014 je ponudila prve dokaze o obstoju subinercialnega
signala s periodo 3.3 dni. Rezultati so prikazani na Sliki 6.6. Na podlagi teh ugotovitev smo
nadaljnje analize signalov skrčili na frekvenčni pas 0.3 − 0.4 dni−1, ki ustreza periodi med 2.5
dni in 3.33 dni.
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Valčna anliza za celotno časovno vrsto med letoma 2010 in 2018 za postajo Benetke, Ital-
ija, je pokazala obstoj subinercialnega signala v prej izbranem časovnem intervalu vsaj enkrat
letno. V Preglednici 6.1 so prikazani časovni intervali, v katerih je bil signal zaznan, ter tra-
janje posameznega signala. Na osnovi teh rezultatov je možno sklepati, da se signal na postaji
Benetke pojavlja epizodično. Poleg tega se iz Preglednice 6.1 vidi, da je bil signal vedno opažen
med septembrom in majem ter nikoli v poletnih mesecih.
Preglednica 6.1: Pojav subinercianega signala za postajo Benetke, Italija, analiziran z valčno
analizo. Več trajanj v zadnjem stolpcu pomeni več ločenih zaznavanj signala v določenem
časovnem intervalu.
Leto Časovni interval opazovanja Trajanje signala [dan]
2010 1.1. − 15.3. 15
2011 10.2. − 25.3. 20
2012 20.1. − 21.2. 15
2013 10.1. − 25.3. 30
10.3. − 25.5. 10 + 10
2014 20.12.2013 − 10.3.2014 20 + 30
20.3. − 20.4. 15
2015 20.12.2014 − 10.3.2015 60
20.3. − 5.5. 15 + 10
2016 15.2. − 16.3. 10
1.10. − 1.12. 15 + 10
2017 1.1. − 10.3. 15 + 15 + 10
15.4. − 25.5. 20
1.9.2017 − 1.1.2018 15 + 20 + 30
Najmočnejši subinercialni signal za postajo Benetke je bil opažen med 20.1.2012 in 21.2.2012.
Spektralna analiza, uporabljena na drugih postajah Severnega Jadrana, je prav tako za obdobje
med 20.1.2012 in 21.2.2012 pokazala močnejši signal s periodo 3.3 dni. Iz tega sledi, da je
subinercialni signal pogost pojav v celotnem Severnem Jadranu. Rezultati so prikazani na Sliki
6.7.
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Slika 6.7: Subinercialni signal, zaznan s spektralno analizo na postajah Benetke, Ravena in
Ancona za časovni interval med 20.1.2012 in 21.2.2012.
Rezultati analize drsečega periodograma potrjujejo, da se subinercialni signal pojavlja v celot-
nem Sredozemskem morju. Poleg tega pa so rezultati pokazali, da se signal pojavlja sezonsko,
saj je bil opažen le v zimski polovici leta. Primer rezultatov analize drsečega periodograma
je prikazan na Sliki 6.8. Iz slike je vidno, da manjkajoči podatki vplivajo na rezultate analize.
Podatki, da so lahko uporabni pri tej analizi, morajo prikazati vsaj eno neprekinjeno leto meritev.
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Slika 6.8: Analiza drsečega periodograma za merjene podatke višine morske gladine s postaje
Marseille, Francija, za časovni interval 1998-2013.
Analiza drsečega periodograma za podatke zračnega pritiska, ki je bila uporabljena na podatkih
iz postaje Porto Torres, Italija, za časovni niz od 2010 do 2017 (Slika 6.9), je prikazala podobni
vzorec signala kot analiza višine morske gladine iz Slike 6.8 (Bertoncelj et al., 2018). Podobni
vzorci signala nakazujejo na močan meteorološki vpliv na signal, ki sovpada z ugotovitvami
raziskave Candela in Lozano (1994).
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Slika 6.9: Analiza drsečega periodograma za merjene podatke zračnega pritiska iz postaje Porto
Torres, Italija, za časovni interval med 2010 in 2017 (Bertoncelj et al., 2018).
6.3.6 Zaključek
Čeprav raziskava še ni končana, lahko potrdimo hipotezo: prve značilnosti subinercialnega sig-
nala, ki se pojavlja v Sredozemskem morju, so zaznane. Evidentirana je bila perioda signala 3.3
dni ter epizodična pojavitev signala. Prav tako smo pokazali, da se subinercialni signal pojavlja
le v zimski polovici leta.
Meteorološki vpliv na signal, zaznan z analizami, sovpada z raziskavami Candela in Lozano
(1994). Eno od prostih nihanj, ki sta jih odkrila Schwab in Rao (1983), ima za Sredozemsko
morje 38.5-urno periodo, kar je približno pol periode subinercialnega signala, opaženega pri naši
raziskavi. Je morda v subinercialnem signalu prisotno tudi prosto nihanje?
Zaključimo lahko s trditvijo, da se subinercilano nihanje pojavlja v celotnem Sredozemskem
morju. Vendar pa iz trenutno opaženih značilnosti signala še ne moremo napovedati, kdaj se bo
signal pojavil, koliko časa bo trajal in kakšna bo njegova amplituda − dejstev, ki so pomembna za
napoved poplavljanja morja. Prav zato je zelo pomembno poznati celoten mehanizem signala.
Nadaljnje delo vključuje globljo analizo mehanizmov, ki poganjajo signal, ter izračun ampli-
tude nihanja morske gladine, kot tudi napovedovanje in ovrednotenje možnih posledic le-tega.
Da bi podprli ali zavrnili povezavo opazovanega subinercialnega signala s prostim nihanjem,
sproženim s sinoptičnimi atmosferskimi procesi, bomo iskali dokaze s pomočjo barotropskega
hidrodinamičnega modela. Več časa bomo posvetili tudi globlji raziskavi širjenja signala skozi
Sredozemsko morje. Na koncu bo sledila raziskava morebitnih vplivov podnebnih sprememb na
subinercialno nihanje z uporabo večdesetletnih časovnih nizov višin morske gladine.
